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THE EBR-II FEEDBACK FUNCTION 

by 

R. W. Hyndman and 
R. B. Nicholson 

I. INTRODUCTION 

Considerable effort has been made to a s sess the system stability 
of Experimental Breeder Reactor No. 2 (EBR-II), because of both the 
general need to gain information on fas t - reactor systems, and the par t ic
ular need to maintain safe operation of EBR-II, which plays a crucial role as 
an irradiation facility in the Liquid Metal Fast Breeder Reactor (LMFBR) 
Program. EBR-II is a sodium-cooled, metal-alloy-fueled breeder reac
tor, whose design power level is 62.5 MWt. At the time of this report , it 
was being operated at the initial design level of 45 MWt. 

The core loadings of EBR-II had been gradually modified over the 
previous two years to accommodate up to 24 experimental subassembl ies- -
most of which contained oxide or carbide fuels with a lesser fissionable 
content per subassembly than the EBR-II driver fuel. The core had initially 
been surrounded by depleted uranium, but for reasons connected with the 
irradiation program, stainless steel had been substituted in the axial 
blankets and the inner two rows of the radial blanket. These changes were 
accompanied by a lessening of the negative value of the reac tor ' s power 
coefficient, and this emphasized the need to study the reac tor ' s feedback 
function. 

This report is the result of an attempt to deduce as much infor
mation as possible on the EBR-II feedback function in Run 26 from a 
ser ies of oscillator and rod-drop experiments performed in October and 
November 1967. The task is a formidable one because the feedback is 
weak and there a re deficiencies in the experimental equipment, so that 
significant e r r o r s may be introduced. Some suggested improvements a re 
presented in Section VI. It has been necessary to apply to the data some 
corrections that cannot be verified with full confidence. They are sug
gested by deviations of the data from what one would expect based upon 
knowledge of the design of the reactor and its nuclear and heat- t ransfer 
charac te r i s t i cs . But with this qualification, we feel that much has been 
learned from these experiments about the Run 26 feedback function. 

At power levels above 30 MWt, the oscillator can be operated only 
over the frequency range 0.1 to 8.8 Hz. At lower frequencies, the oscil la
tor rod rubs on the guide tube. This frequency limitation prevents the 



extraction of information on the low-frequency components from osciUa or 
tes ts . The high-frequency limitation forces one to normalize to the ex
pected feedback at high frequency. The further factor that there are appar
ently frequency-dependent bowing effects in the oscillator rod suggests that 
the rod reactivity amplitude may be frequency-dependent. All these l imita
tions and uncertainties must be considered when analyzing the data for 
feedback. 

In the rod-drop tes ts , the main limitation is the time required to 
drop the rod out of the core (0.28 sec). Feedback is expected to begin 
while the rod is dropping. One therefore cannot calibrate the rod accurately 
at power during the drop, and a separate calibration must be provided. This 
has been done by rod-drop experiments at low power (500 kW) where feed
back is negligible. From the resul ts of the feedback analysis , however, 
there is strong evidence that the rod changes worth slightly (perhaps 4%) 
between 500 kW and 45 MW. The data must be corrected for this effect, 
and the magnitude of the correction is uncertain. Finally, there is a re la
tively high noise level in the data; this noise level has been partially 
averaged out by using a high sampling rate and averaging three identical 
rod drops. 

We have s t ressed the difficulties because the reader should be aware 
of them to properly evaluate the significance of the resu l t s , and because it 
should be possible to eliminate them in future experiments if one is willing 
to devote a moderate effort and expense to improvements in the experi
mental equipment. Nevertheless , we still feel that our resu l t s , especially 
those from the rod-drop experiments, give significant information about 
the EBR-II Run 26 feedback function. 

II. DATA ACQUISITION 

Figure 1 is a block diagram of the data-acquisition equipment used 
for the rod-drop and rod-oscil lator experiments at EBR-II. 

The power-measuring detector, a General Electr ic Model NA09 
compensated ion chamber, operates without the compensating voltage. The 
preamplifier (OA-1) is a solid-state Nexus FET-2 operational amplifier 
used as a current-to-voltage converter. This unit has the 3-dB point at 
500 Hz with an attenuation of 20 dB per decade. The amplifiers OA-3 
through OA-5 are Nexus operational amplifiers with variable gain from 
0.01 to 1000 and the same response character is t ics as OA-1. The attenu
ators IA-1 through lA-3 are 10-turn potentiometers for adjusting the 
maximum input to a level acceptable to the analog-to-digital converter 
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Fig. 1. Data-acquisition Equipment. Block Diagram 

The ion c h a m b e r , i o n - c h a m b e r p r e a m p l i f i e r , o s c i l l a t o r d r i v e s , 
s i n e - c o s i n e p o t e n t i o m e t e r s , and r o d - p o s i t i o n i n d i c a t o r s a r e loca ted in the 
r e a c t o r bui lding p r o p e r . The s i g n a l s a r e t r a n s m i t t e d ove r the n o r m a l 
cabl ing s y s t e m to the d a t a - a c q u i s i t i o n r o o m , a d i s t a n c e of about 300 ft. 
The d a t a - a c q u i s i t i o n r o o m con ta ins the s i gna l - cond i t i on ing a m p l i f i e r s , 
the ana log t ape r e c o r d e r , and the c o n t r o l c o m p o n e n t s for conduct ing the 
e x p e r i m e n t s . The da ta a r e then t r a n s m i t t e d to the c o m p u t e r r o o m , a 
d i s t a n c e of abou t 500 ft. The e n t i r e s y s t e m f r o m the p r e a m p l i f i e r s to the 
t e r m i n a t i o n po in t s on the a n a l o g - t o - d i g i t a l c o n v e r t e r i s b a t t e r y o p e r a t e d 
with a s i n g l e - s o u r c e g r o u n d . Th i s m e t h o d is u s e d to i m p r o v e the s i g n a l -
t o - n o i s e r a t i o to an a c c e p t a b l e l eve l for the a n a l y s i s r o u t i n e s . Once the 
t e s t s a r e s t a r t e d , the s i g n a l s a r e con t inua l ly p r e s e n t a t the IBM-1620 
c o m p u t e r . * 

The a n a l o g - t o - d i g i t a l c o n v e r t e r , shown in F i g . 1 a s an A / D NAVCOR, 
is a field mod i f i ca t ion to the I B M - 1 6 2 0 c o m p u t e r . The NAVCOR c o n s i s t s of 
a m a n u a l l y p r o g r a m m e d p a t c h - p a n e l s e l e c t i o n of one to s ix channe l s of 
analog input s i g n a l s wh ich can be d ig i t i zed u n d e r c o n t r o l of the c o m p u t e r 
and an e x t e r n a l c lock s i g n a l . The c h a n n e l s a r e s c a n n e d and d ig i t i zed in any 
d e s i r e d s e q u e n c e . The d ig i t a l r e p r e s e n t a t i o n of the s igna l is t r a n s m i t t e d 
to the c o m p u t e r , wi th a m a x i m u m skew of 160 ^ s e c be tween c h a n n e l s . Af te r 
one to s ix c h a n n e l s of da ta have been t r a n s m i t t e d to the c o m p u t e r , the 
a n a l o g - t o - d i g i t a l c o n v e r t e r is d i s c o n n e c t e d and the c o m p u t e r p r o g r a m is in 
full c o n t r o l of the da ta for any c o m p u t a t i o n s to be done . Since the e x t e r n a l 
c lock a l s o af fec ts the a n a l o g - t o - d i g i t a l c o n v e r t e r , the c o m p u t e r m u s t r e 
connec t to the a n a l o g - t o - d i g i t a l c o n v e r t e r be fo re the next c lock t i m e . T h u s , 
the a m o u n t of c o m p u t a t i o n g o v e r n s the m a x i m u m clock r a t e . 

The r o d - d r o p - d a t a e x p e r i m e n t s have t h r e e input s i g n a l s to the 
a n a l o g - t o - d i g i t a l c o n v e r t e r : (a) ion c h a m b e r (output of O A - 3 ) , (b) rod 
p o s i t i o n (output of O A - 4 ) , and (c) in i t i a t e (output of O A - 5 ) . 
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The rod position is a 0- to 10-volt signal taken from a potentiometer 
connected to the special stainless steel control rod. The control-rod s c r a m 
and drive mechanisms are the standard ones used for all the EBR-U con
trol rods. The special control rod has the normal fuel pins replaced by 
stainless steel pins, thus reducing its worth to approximately 10% of that 
of the fueled rods. 

The initiate signal is a -5 to +5-volt signal which initiates the rod-
drop experiment. The actual rod sc ram occurs at a preselected time after 
the initial signal. The delay is usually set at 1 sec. The initiate signal is 
interrogated by the computer at each clock time to determine its polarity. 
If the signal is negative, the data are discarded. At the receipt of the first 
positive signal, the rod position and the ion-chamber signal a re stored for 
each clock signal until the preselected number of points have been stored. 
The computer then t ransfers the stored data to magnetic tape for future 
data reduction. 

The rod-oscil lator experiments require : (a) ion-chamber signal 
(OA-3 output), (b) sine potentiometer (OA-4 output), and (c) cosine potenti
ometer (OA-5 output). 

The sine and cosine voltage come from potentiometers connected 
directly to the oscillator drive mechanism. The analog-to-digital converter 
performs the same function as described for the rod-drop experiment and 
the computer computes a value proportional to the Four ie r coefficient as 
shown: 

K '^ 
^•^°m = 17 Z Ei sin (Oit.) N '-

1 = 1 
(1) 

and 

N 

I? 
1 = 1 

R^Grn = -J7 Z Ei cos (cuti), (2) 

where 

N = number of sample points, 

E = sampled ion-chamber output, 

Ko>Ki = gain scaling constants, 

and 
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The gain of each channel is measured by injecting a known voltage. 
This known voltage, E^., is then entered at the computer, and the calibration 
or gain constant for each channel is calculated as 

2000 

^^^"i = I O O O E ; I ^Ci. (3) 

'- 1=1 

where 

E^. = the value of voltage from the analog-to-digital converter. 

III. ROD-OSCILLATOR EXPERIMENTS 

The rod-osci l lator experiments during Run 26 were conducted with 
the Mark-II oscillator drive assembly. This unit is a rotary oscillator 
with a frequency range of 0.001-8.8 Hz. The section of the oscillator through 
the core is a s tainless steel right c i rcular cylinder. This cylinder has two 
stainless steel tubes attached to the inner wall, located 180° apart . One tube 
is filled with boron carbide, the other with aluminum oxide. The aluminum 
oxide-filled tube has a gas plenum to increase the lifetime of the oscil lator. 
The entire assembly is mounted in a standard control-rod thimble. The 
drive unit consists of the necessary drive motor, clutches, electr ical sig
naling equipment for indicating the sine and cosine of the shaft position, etc. 
This unit is mounted on the small rotating plug in place of the standard 
control-rod drive mechanism. 

The data acquisition for the oscillator is described in Section II. 
The oscillator was checked out by measuring the transfer function of the 
reactor at zero power, since this can be predicted by other means . The 
measurement indicated a problem in the measurement and detection systems 
that could not be accounted for by the normal system checkout and 
calibration. 

Correct ion factors were then applied to force the e r ro r between the 
calculated and measured zero-power data to be pseudorandom. These 
correction factors were applied to compensate for system lags and attenu
ations due to the detection system. Using this form of e r r o r correction, 
the final form was 

Ac = Am 

and 

2 

1 + ' 

1/2 

(4) 

0c = 0m + arctan (f/foz), (5) 
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w h e r e 

Ac = c o r r e c t e d a m p l i t u d e . 

A m = m e a s u r e d a m p l i t u d e , 

0c = c o r r e c t e d p h a s e , 

0 m = m e a s u r e d p h a s e , 

f = f requency at which o s c i l l a t i o n s a r e t aken , 

foi = f requency that f o r c e s a m p l i t u d e e r r o r to be p s e u d o r a n d o m , 

= 155 Hz , 

f02 = f r equency that f o r c e s p h a s e e r r o r to be p s e u d o r a n d o m , 

= 65.1 Hz . 

F i g u r e 2 shows the e r r o r in the z e r o - p o w e r da ta a f t e r c o r r e c t i o n ; 
F i g . 3 shows a typ ica l s e t of z e r o - p o w e r da t a . 
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Fig. 2. Amplitude and Phase Error of Measured Zero-power Transfer Function 
(10/27/67 data) 
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Fig. 3. Measured and Calculated Values of EBR-II Zero-power Transfer Function 

The c o r r e c t i o n s r e q u i r e d to r a n d o m i z e the e r r o r s a t z e r o power a r e 
a l s o app l ied to the m e a s u r e d t r a n s f e r function a t h ighe r power l e v e l s . The 
c o r r e c t e d da ta a r e p r e s e n t e d in F i g s . 4 - 8 for the e x p e r i m e n t s conduc ted in 
Run 26B a t 22 .5 , 30, and 41.4 MW a t two d i f fe ren t r o d - b a n k p o s i t i o n s . The 
da ta a r e p r e s e n t e d on a Bode plot of a m p l i t u d e and p h a s e v e r s u s f r equency 
and a r e c o m p a r e d with the z e r o - p o w e r t r a n s f e r function. The c u r v e s i nd i 
ca te that the t r a n s f e r function a t power is exceed ing ly c l o s e to the z e r o -
power t r a n s f e r function. F o r th i s r e a s o n , high a c c u r a c y is r e q u i r e d to 
d e t e r m i n e the feedback . The feedback function, H(icD), is d e r i v e d f rom the 
power and z e r o - p o w e r c u r v e s by s u b t r a c t i n g r e c i p r o c a l s . T h u s , 

H(icD) = 
1 1 

G(ia)) Go(ia)) ' 
(6) 

w h e r e G is the t r a n s f e r function a t p o w e r , and GQ is the z e r o - p o w e r t r a n s 
fer funct ion. 
Sec t ion V. 

The r e s u l t s of th i s feedback a n a l y s i s a r e p r e s e n t e d in 
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IV. ROD-DROP EXPERIMENTS 

For the rod-drop exper iments , one of the standard control rods 
has been replaced by a rod containing stainless steel ra ther than fuel. 
Upon initiation of a trip signal, this rod is ejected downward out of the 
core through a total stroke of 14 in. Through the last 6 in. of t ravel , the 
rod is decelerated and brought to res t by a standard dashpot. As a r e 
sult of rod ejection, the reactivity of the reactor is reduced by about 12 Ih 
in 0.28 sec. 

The data taken in a rod-drop experiment are the rod position versus 
time and the power level versus time as read by an ion chamber. With 
these data and a rod-react ivi ty calibration at hand, the data processing to 
obtain feedback is straightforward. One merely converts the position and 
power data to digital data, as discussed in Section II. The data are punched 
on cards and fed as input to an inverse kinetics code on the CDC-1604 com
puter. This code calculates the total reactivity versus time from the 
power data, and then using the rod position data and calibration, it subtracts 
the rod reactivity to obtain the feedback. 

The procedures to reduce the influence of noise have been twofold. 
The higher-frequency noise is effectively averaged out by using a high 
sampling ra te , 200 samples per second. As shown later in Fig. 13, 
although the noise causes a spread of about 0.1^ in the data, there a re 
enough points to define an accurate average with respect to the high-
frequency noise. To further reduce the high-frequency noise, but more 
especially to average out the slower drifts, the procedure used in most 
cases was to average the resul ts of three consecutive rod drops. It would 
be advantageous to extend this further to perhaps ten drops, but this would 
consume considerably more reactor time and would further aggravate the 
already difficult data-processing problem. One could consider larger num
bers of rod drops when better on-line data-processing equipment is 
available. 

Two groups of rod-drop experiments were done. Three 500-kW drops 
at the 13-in. rod-bank position and three at the 11-in. rod-bank position 
were conducted for calibration. Three drops each were conducted at 25, 
35, and 45 MW at a 13-in. rod-bank position, and then three drops at 45 MW 
and an 11-in. rod-bank position. Of these, one 500-kW, 13-in. drop and 
one 25-MW, 13-in. drop were voided because of e r r o r s in data acquisition. 

The second group of rod-drop experiments were chosen to cor
respond to a set of oscillator experiments carr ied out at the same power 
level and rod-bank position, at about the same time. Three drops were 
conducted at 500 kW and an 11-in. rod-bank position for rod calibration. 
Then, at the same rod-bank position, a set of three drops was conducted at 
each of three power levels: 22.5, 30, and 41.4 MW. 



20 

The r e a c t i v i t y c a l i b r a t i o n s of the s t a i n l e s s s t e e l rod for the 1 1 -

and 13- in . r o d - b a n k pos i t ions a r e p lo t ted in F i g s . 9 and 10. We have 

plot ted the poin ts f rom each of the t h r e e and two d r o p s , r e s p e c t i v e l y , a s 

+ m a r k s and the a v e r a g e s a s a connec ted c u r v e . T h e r e is s o m e s p r e a d , 

but the s p r e a d is not e x c e s s i v e . The data define the c a l i b r a t i o n f a i r ly 

a c c u r a t e l y . 
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Fig. 9. Reactivity Calibration of Stainless Steel Rod at 
11-in. Rod-bank Position 
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Fig. 10. Reactivity Calibration of Stainless Steel Rods at 
13-in. Rod-bank Position 

T h e f o l l o w i n g t e s t w a s p e r f o r m e d t o p a r t i a l l y c h e c k t h e p r e c i s i o n 
of t h e c a l i b r a t i o n , t h e v a l i d i t y of t h e d e l a y e d - n e u t r o n d a t a u s e d in t h e i n 
v e r s e k i n e t i c s c a l c u l a t i o n , a n d t h e c o n n p u t e r p r o g r a m to c a l c u l a t e f e e d 
b a c k . T h e p r o c e d u r e i n v o l v e d r u n n i n g t h e 5 0 0 - k W d a t a , u s e d t o c a l i b r a t e 
t h e r o d , t h r o u g h t h e f e e d b a c k c o d e . F i g u r e s 11 a n d 12 i n d i c a t e t h a t t h e 
r e s u l t a v e r a g e d o v e r t h e n o i s e i s z e r o f e e d b a c k , a s e x p e c t e d . 
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Fig. 11. Feedback Plot for Rod-drop Experiment for Run 26B 
at 500 kW with Rod Banked at 11 in. 
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Fig. 12. Feedback Plot for Rod-drop Experiment for Run 26A 
at 500 kW with Rod Banked at 13 in. 

T h e a v e r a g e f e e d b a c k f o r e a c h c o n d i t i o n of p o w e r l e v e l a n d r o d 

p o s i t i o n i s p l o t t e d in F i g s . 1 3 - 1 8 . T o i l l u s t r a t e t h e r e p r o d u c i b i l i t y of t h e 

f e e d b a c k f r o m o n e r o d d r o p t o t h e n e x t , t h e r e s u l t s f r o m e a c h of t h e t h r e e 

i n d i v i d u a l r o d d r o p s a t 4 1 . 4 M W a r e c o m p a r e d i n F i g . 19 . T h e r e p r o 

d u c i b i l i t y i s f e l t t o b e a d e q u a t e t o d e f i n e a g o o d a v e r a g e f r o m t h r e e r u n s . 

A s m o o t h c u r v e d r a w n t h r o u g h t h e p o i n t s i s p r o b a b l y a c c u r a t e t o ± 0 . 0 2 ^ 

a f t e r t h e f i r s t 0 . 5 s e c . D u r i n g t h e f i r s t 0 . 5 s e c , t h e u n c e r t a i n t y i s a l i t t l e 

g r e a t e r b e c a u s e t h e f e e d b a c k i s i n c r e a s i n g t o o r a p i d l y f o r 2 0 0 s a m p l e s 

p e r s e c o n d t o d e f i n e a n a c c u r a t e a v e r a g e . 
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Fig. 13. Feedback and Power Plots for Rod-drop Experiment for Run 26B at 22.5 MWt 
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Fig. 14. Feedback and Power Plots for Rod-drop Experiment for Run SOB at 30.0 MWt 
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Fig. 15. Feedback and Power Plots for Rod-drop Experiment for Run 26B at 41,4 MWt 
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Fig. 16. Feedback and Power Plots for Rod-drop Experiment for Run 26A at 25.0 MWt 
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Fig. 17. Feedback and Power Plots for Rod-drop Experiment for Run 26A at 35.0 MWt 
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Fig. 18. Feedback and Power Plots for Rod-drop Experiment for Run 26A at 45.0 MWt 
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Fig. 19. Feedback Plot for Rod-drop Experiment for Run 26B at 
41.4 MWt with Three Rod Drops Used for Average 
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V. THE FEEDBACK FUNCTION 

Because of some of the difficulties mentioned in Section I, we have 
taken the following approach to analysis of the data. The body of exper i 
mental data is considered as a whole. An estimation is made of the possible 
additional e r ro r s that have not yet been corrected, and these a re t r ied to 
see if they can resolve some of the conflicts. The result is then a set of 
feedback functions determined from a combination of experiment, theory, 
and judgment. The results must not be regarded any longer as completely 
experimental in the accepted sense of the word. 

Under these conditions, it is difficult to place e r ro r limits on the 
feedback function. There is reasonably consistent agreement on the prompt 
components. For frequencies greater than 0.1 Hz, the erj-or on a Nyquist 
plot in the amplitude of H is probably less than ±10%. The delayed com
ponents are less well defined, and below 0.1 Hz, the amplitude may be in 
e r ro r by ±50% and the phase by ±30°. Considerable judgment is required 
in estimating both the feedback function and the uncertainty. If one wishes 
to pin down the feedback function more accurately and reduce the degree 
of the judgment factor, then major improvements in the experimental equip
ment must be made, as discussed in Section VI. 

We develop the feedback function from three points of view: first , 
that derived mainly from the oscillator resul ts ; second, that derived 
mainly from the rod-drop analysis; and finally, a compromise based on 
both, with due regard to assumed e r r o r s in the two sets of data. 

A. Feedback Function from Oscillator Data 

A fundamental problem in determining the feedback from oscillator 
experiments is that one does not know accurately the reactivity worth of 
the oscillator at the reactor power conditions. One could measure the 
worth by doing oscillator tests at low power where there is not feedback. 
However, the worth of a rotating rod is dependent upon the flux gradients , 
which may shift slightly from low to high power. Hence this method is not 
likely to be reliable. 

Another procedure that has been used is to normalize the transfer 
function (equivalent to determining the rod worth and phase) to the zero-
power transfer function at high frequency. This procedure assumes that 
the feedback is negligible at high frequency. The EBR-II oscillator has an 
upper frequency limit of 8 Hz. Fur ther , it has a natural mechanical r e so 
nance just above this point, so that in practice one must invalidate any data 
above about 6 Hz. Figure 20 shows that the EBR-II feedback is far from 
negligible at this frequency. The approach therefore has to be taken of 
normalizing it not at zero, but to what we think it should be at 6 Hz. There 
a re reasons to believe that this can be done with reasonable assurance . 



One c a n be qui te c e r t a i n tha t a t 6 Hz , the only feedback effects tha t can 
r e s p o n d a r e those a s s o c i a t e d with the t e n n p e r a t u r e of the fuel and the 
coo lan t in the c o r e . F r o m h e a t - t r a n s f e r c a l c u l a t i o n s , * we have ve r i f i ed 
tha t the fuel and c o r e s o d i u m have feedback funct ions tha t a r e we l l a p 
p r o x i m a t e d by the s i m p l e f o r m 

1 + iOJT 
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with t i m e c o n s t a n t s T in the r a n g e of 0 .2 -0 .4 s e c . T h u s , with A p o s i t i v e , 
one e x p e c t s the 6-Hz (o) = 38) feedback function point to lie in the fourth 
q u a d r a n t n e a r the i m a g i n a r y a x i s . One e x p e c t s fu r the r that the feedback 
f rom 6 Hz down to a t l e a s t 1 Hz wi l l r e s e m b l e the beginning of a h a l f - c i r c l e 
in the four th q u a d r a n t . 
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Fig. 20. Nyquist Plot of Oscillator Feedback Function for Run 268 at 22.5 MWt 
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With these reasonable expectations, one can proceed iteratively. 
F i r s t , the 6-Hz normalization point is estimated and the feedback is ca -
culated from the normalized transfer function and the zero-power t rans er 
function. Then one finds the best possible fit over the entire frequency 
range using a function of the form 

" " ^ 1 + ST. 
1 '• 

(7) 

By inspection, one now estimates whether the fit could be improved by 
slightly shifting the normalization point. This can be repeated if necessary 
until one has a normalization that is consistent with the best guess for the 
feedback function. 

While we defend this procedure as the best one with the available 
equipment, it has some deficiencies, and we have suggested improved 
equipment in Section VI to eliminate some of the uncertaint ies . 

In the present section we ignore the problem of osci l la tor-rod bow
ing, assuming that the measurements are valid and fit the data as well as 
possible with a feedback function of the form of Eq. 7. 

An excellent fit was obtained in this manner for the Run 26B data 
at 22.5 MW with the feedback function 

H = 10' 
0.48__ 0.2e'"-"^ 0.2 0.47e" 

0.2s + 1 0.4s + 1 s + 1 5s + 1 
(8) 

Figure 20 compares the measured curve with this model. The agreement 
is within the experimental accuracy for every frequency point. One ex
pects that at least the prompt components of H, those due to fuel and 
coolant expansion, should be approximately proportional to power level. 
Figures 21 and 22 compare the measured feedback at 30 and 41.4 MW with 
the scaled-up feedback function of Fig. 20. The agreement is good. How
ever, this really only tests the scaling of the prompt components because 
the 30- and 41.4-MW data extend down only to about 0.1 Hz. Because of 
the behavior of the steady-state power coefficient, one does not expect the 
delayed components {mostly bowing) to be proportional to power level. 

The results for the 12.75-in. rod-bank position are also given in 
Figs. 21-22. Here again we have plotted the same feedback function, 
which fits the data reasonably well. Some improvement could be obtained 
by fitting each set of data with a different feedback function, but this would 
not be very meaningful and has not been done. 
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Some features of the data a re not completely consistent with our 
picture of the feedback mechanisms. At 41.4 MW, the experimental points 
follow the model fairly well at high frequency but fall off to less positive 
values at 0.3 and 0.2 Hz. This is opposite to what would be expected. With 
increasing power, the delayed components (which influence the curve at low 
frequency) are believed to have a tendency to saturate or disappear as the 
expansion and bowing effects tighten the core This would cause the feed
back to be stronger at these frequencies than predicted by a model scaled 
up linearly from 22.5 to 41.4 MW. The deviation from expected behavior 
could be the resul t of a complicated osci l la tor-rod bowing effect. We 
know the rod begins to bind just below this frequency at 41.4 MW (However, 
see Section V.C on the correction for rod bowing at 22.5 MW. Our simple 
model of rod bowing indicates a correction in the wrong direction to explain 
this deviation.) 

The comparison between the 11- and 12,75-in rod-bank positions 
is also surpris ing. There is no significant or consistent difference in re 
sults between the two positions. Independent est imates by both the Idaho 
and Illinois EBR-II analysts indicate that there should be about a 15% 
stronger (more negative) power coefficient at the 11-in. position than at the 
12.75-in. position. This is not seen here or in the rod-drop experiments. 
One possible explanation is that we use the same normalization at both 
positions. Perhaps the rod worth is slightly different at the two rod-bank 
positions and there should then be a different normalization. We have no 
way of checking this experimentally. 

There a re other reasons to suspect that the oscillator data do not 
give quite the true picture of the feedback Junction. The model of Fig 20 
has essentially a zero steady-state power coefficient. To be in agreement 
with the power-coefficient measurements of October 27, 1967, the curve 
should end at zero frequency on the real axis somewhere between 0.1 x 10" 
and 0.2 x 10"'. The experimental data go down to a frequency of 0 0057 Hz. 
If the data could have been extended to lower frequencies, the curve might 
have curled back and ended at the proper steady-state coefficient It 
would, in fact, be possible to add a fifth term with a long time constant to 
the model that would accomplish that effect. In this sense, one can reason 
that there is not necessar i ly a conflict between the oscillator and steady-
state measurements . 

The main disagreement is with the rod-drop experiments, which 
seem to indicate that the oscillator curve should already curl in toward 
the steady-state point at the lower measured frequencies and should not 
approach the imaginary axis as they do in Fig. 20. This conflict and some 
possible correct ions to the data to relieve it are developed further in 
Section V.C. 
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B. Feedback Function from Rod-drop Experiments 

Let P(t) be the power normalized to unity at t = 0, Call the feed
back FB(t), If one assumes the feedback function H has the form of Eq. 7, 
it can be shown that FB(t) is then given by 

FB(t) = X ^ ^ ^ f [1 - P('')J - ' ' '" ^^'^^' d'- (9) 
i i -'o 

The procedure then for developing H from the rod-drop data is to est imate 
the constants A^, Tĵ , and Tj, substitute them into Eq, 9 along with the ex
perimental P(t), and calculate FB(t). This is then compared with the experi
mental FB(t) as obtained by solution of the inverse kinetics equations. By 
tr ial and e r ro r , one adjusts the parameters and recalculates FB(t) until 
satisfactory agreement is obtained between the model and the experiment. 
With the aid of the IBM-1620 computer and a little experience, a good fit 
can be obtained with a few hours of effort 

An alternate procedure was tried and discarded. One can show that 
for feedback of the form considered, the feedback function H(s) expressed 
as a function of the Laplace transform variable, s, is given by the rat io of 
the Laplace transform of FB(t) to the Laplace t ransform of 1 - P(t). Thus, 

/ • 
FB(t)e '^ ' dt 

« (^ ' = T ^ • (10) 

/ [ l - P ( t ) ] e " ^ ' d t 

In this case, the procedure is to calculate H(s) in this manner from the 
experimental feedback and power and then, as in the oscillator experiments , 
fit a model of the form of Eq. 7 to this experimental H(s) There are two 
points of difficulty. One is that the integrals must be extended to infinity 
in Eq. 10, so some procedure must be devised for extrapolating the power 
and feedback. The other problem is that as one goes to large values of s 
and the denominator and numerator of Eq. 1 become small , the large 
amount of noise in FB(t) compared to 1 - P(t) causes the denominator to 
become much smaller than the numerator , and H(s) diverges sometimes 
positively and sometimes negatively. 

These two effects cause H(s) to be inaccurate at high and low fre
quencies. This means that one should-try to fit the function only over the 
middle-frequency range. The high-frequency range corresponds to the 
short- t ime range in the time domain. There are reasons to suspect that 
the measured rod-drop feedback is especially inaccurate at short t imes. 



33 

One has a c learer understanding of the behavior in the time domain than in 
the domain of the t ransform variable s. The time domain, therefore, is 
the one where it is eas ier to cope with some possible corrections to the 
data and ar r ive at a reasonable estimate of what the feedback should actu
ally have been. We therefore abandoned the Laplace-transform approach 
and analyzed the data in the time domain. 

After some prel iminary analyses of rod-drop and oscillator data, 
we reached the conclusion that there were strong feedback components 
having time constants in the range of 0.2-0.4 S'CC. The heat- transfer 
analysis presented in Appendix A reinforced this opinion. This conclusion 
leads to an anomaly, however, in the fitting of the rod-drop data at very 
short t imes. Figure 23 i l lustrates the point. A good fit was obtained to 
these data over the time range of 1-10 sec using 0.2- and 0.4-sec time con
stants for the prompt t e rms . The figure shows that under these conditions 
the model appears to greatly overestimate the feedback during the first 
0.5-sec interval. Figure 23 also indicates that there is about a 0.25-sec 
time delay during which there is no feedback. This does not seem a 
physical possibility. Two other explanations have been given serious 
consideration. 

One effect, which at first seems credible, is that there might be a 
fairly strong positive coefficient with a very short time constant, which is 
just sufficient to cancel the strong negative coefficients having 0.2- to 
0.4-sec time constants for the first 0.25 sec. After that, the stronger 
negative coefficients take over and produce the observed sharp r ise in 
feedback. There are two strong reasons for discarding this as a credible 
possibility. The first is that heat-transfer^ analysis does not allow the 
existence of any feedback effects having time constants less than 0.15 sec 
The second is that if one assumes this to be the explanation and attempts 
to find a set of coefficients that fit the early time data, he finds that the 
positive coefficient must be quite large. Fur ther , to overcome this large 
positive coefficient, the 0.2- and 0.4-sec negative te rms must be larger 
than would be required with no positive coefficient. They must be con
siderably la rger than expected, based upon est imates of the fuel and cool
ant expansion feedback effects. We have thus concluded that there must 
be some other explanation for the apparent 0.25-sec delay in the observed 
feedback. 

The other possibility, which is believed to be the only credible 
explanation, is that the reactivity calibration of the stainless steel rod is 
in e r r o r . We believe that the calibration technique is accurate , but it has 
to be ca r r ied out at low power. Spatial changes in flux and adjoint d i s t r i 
butions between low and high power may result in changes in the worth of 
the stainless steel rod. Thus the calibration, no matter how accurate , does 
not precisely apply at higher powers. 
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An e r r o r in rod calibration contributes a fictitious component to 
the feedback calculated from the experimental data; this component is just 
equal to the e r r o r in calibration. If the e r r o r can be approximated by a 
constant multiplying factor that applies over the entire travel of the rod, 
then the e r r o r will vary from zero when the rod is in, to some maximum 
value when the rod has bottomed in the dashpot. This effect gives a 
fictitious feedback versus t ime, which can cancel the actual feedback 
while the rod is moving and can decrease the calculated feedback by a 
constant amount after the rod is seated in the dashpot. 

A strong point in favor of this hypothesis is that the results show 
that the feedback appears to begin at just the instant the rod is stopped by 
the dashpot. This is too much of a coincidence to ignore. One cannot help 
but feel that the feedback is being held back by something associated with 
the rod motion, and a calibration e r ro r is very plausible. 

Assuming that there is an e r r o r in rod calibration, a difficult ques
tion remains of what can be done to correc t it. We do not believe that one 
can calculate the change in rod worth with power level to sufficient accu
racy from fundamental pr inciples . The calculation has to be based on 
experiment. One can devise an experiment in which the calibration can be 
done at high power. This requires a means of changing the reactivity at 
least twice as fast as the present system allows and is discussed further 
in Section VI. 

For the present purpose, which is to deduce the feedback function 
in Run 26, it is not feasible to go back to Run 26 and do more experiments. 
The conditions existing in Run 26 could no Jpnger be reproduced reliably, 
even if one were willing to sacrifice reactor operating time to do so. The 
only procedure that has any hope of success is to make whatever co r r ec 
tion is necessary to remove the anomaly. Thus, using the model of a 
calibration e r r o r , we change the calibration and recalculate the "experi
mental" feedback. We then see if it is possible to fit the revised feedback 
with a reasonable feedback function. Actually, this is completely analogous 
to the normalization of the high-frequency oscillator data to a value con
sistent with the feedback model. 

In this procedure , we do not t reat each experiment completely 
a rb i t ra r i ly , but try to make changes that seem consistent with the entire 
set of data. One would expect that if the rod calibration changes with power, 
the change would be more or less proportional to the power level or perhaps 
to the power-react ivi ty decrement. We have not followed a rigid procedure. 
We considered calibration e r r o r s of 1, 2, 3, and 4% and found that the feed
back fits could be markedly improved by assuming the calibration e r r o r s 
given in Table I. Fur ther improvement could have been obtained by con
sidering intermediate values of calibration e r r o r , but it was not believed of 
any value to attempt to really optimize this correct ion. We do consider it 
significant that this procedure led us to a set of correction factors that a re 
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an increasing function of power level and believe that making this cor
rection, even though its foundation is not extremely sound, has "^^^"^^ 
in estimated feedback functions that are more likely to be closer to e 

truth. 

TABLE I. Assumed Calibration E r r o r s 

Power (MW) E r r o r (%) 

22.5 
25 
30 

Power (MW) Er ro r (%) 

35 
41.4 
45 

The results are presented graphically in Figs. 24-31, where we 
have plotted the corrected experimental feedback, the normalized power, 
and the feedback from the model. Also shown on each figure is the feed
back function that corresponds to the plotted curve. The fits a re quite 
good over the entire time range. 
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Fig. 24. Corrected Feedback and Model for Run 26B at 22.5 MWt 
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Fig. 25. Corrected Feedback and Model for Run 26A at 25.0 MWt 
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Fig. 26. Corrected Feedback and Model for Run 26B at 22.5 MWt, 
Plotted on Expanded Scale 



38 

,-"' 'v> 

'; ,' 

J > 
/ * ' 

f-t. 

7^"^\ 

J— .̂  1 

irr-

• 005 

• 003 

.001 

- . 0 0 1 

0 .5 1.0 1-5 

TIHE (SECONDS) 

ID-103-K5133 

Fig. 27. Corrected Feedback and Model for Run 26A at 25.0 MWt, Plotted on Expanded Scale 
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Fig. 28. Conec t ed Feedback and Model for Run 26B at 30.0 MWt 
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Fig. 29. Corrected Feedback and Model for Run 26A at 35.0 MWt 
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Fig. 30. Corrected Feedback and Model for Run 26B at 41.4 MWt 
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Fig. 31. Corrected Feedback and Model for Run 26A at 45.0 MWt 

In choos ing the p a r a m e t e r s to fit the c u r v e s , we have i m p o s e d s o m e 
r e s t r i c t i o n s . One is tha t the t i m e c o n s t a n t s w e r e r e s t r i c t e d to be the s a m e 
for a l l power l e v e l s . Ano the r was tha t the two p r o m p t c o m p o n e n t s w e r e 
c h o s e n a p p r o x i m a t e l y p r o p o r t i o n a l to the power l eve l . It is r e m a r k a b l e that 
the da ta can be fit th is we l l with the r a t h e r s e v e r e r e s t r i c t i o n s . It g ives con 
s i d e r a b l e conf idence in the p r o c e d u r e s u sed . 

One o t h e r r e s t r i c t i o n was c o n s i d e r e d but not r ig id ly en fo rced . The 
c o m p l e t e feedback function should a p p r o a c h the s t e a d y - s t a t e d i f fe ren t i a l 
power coef f ic ien t a s s — 0. T h i s w a s not r e q u i r e d for two r e a s o n s . F i r s t , 
the s t e a d y - s t a t e d i f f e r en t i a l power coeff ic ient is not known to a high a c c u r a c y . 
Second , the r o d - d r o p da ta ex tend only to 10 s ec and t h e r e f o r e should not be 
e x p e c t e d to give i n f o r m a t i o n on t e r m s that have t i m e c o n s t a n t s g r e a t e r than 
abou t 10 s e c . One should not , t h e r e f o r e , c o n s i d e r the r e s u l t s to be incon
s i s t e n t wi th the s t e a d y - s t a t e d a t a . A n o t h e r t e r m with a long t i m e c o n s t a n t 
can a l w a y s be added to the feedback function. Th i s wi l l m a k e v e r y l i t t l e 
change in the feedback o v e r the f i r s t 10 s ec (and tha t s m a l l change can be 
c o m p e n s a t e d by s m a l l c h a n g e s in the p r o m p t t e r m s ) , but would b r ing the 
funct ion into a g r e e m e n t wi th the s t e a d y - s t a t e coef f ic ien t , w h a t e v e r it m i g h t 
b e . It would be m i s l e a d i n g to inc lude tha t t e r m in ou r r e s u l t s a s the t i m e 
c o n s t a n t canno t be e s t i m a t e d f r o m the 10 s ec of r o d - d r o p da ta . 
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The longest time constant used was 10 sec and is not well defined 
by the data. The same results could have been obtained, for example, with 
a time constant of 15 sec, but with an amplitude of about 1^ times as la rge . 
The 0.2- and 0.4-sec time constants are also not accurately defined in
dividually by the data. One could obtain nearly the same resul ts by r e 
placing these two by a single term with an intermediate time constant. The 
main justification for using the two terms is the heat- t ransfer analysis of 
Appendix A, which shows that the fuel and coolant time constants should 
cover the range from about 0.15 to 0.4 sec. 

The data do not clearly define the t ransport lags. There would be 
little difference in the fit if these were simply incorporated into the time 
constants. They were included only because we feel that physically there 
are some transport lags in the system and we used educated guesses for 
their magnitudes. 

The above comments are to the effect that when one uses some 
13 parameters to fit the data, there are a number of ways of choosing them 
and still obtaining essentially the same result . The data determine only 
the important features of the feedback function. There must be coefficients 
having time constants in the 0.2- to 0.4-sec range to produce the sharp 
initial r ise . There must be terms in the 2-sec range to turn the feedback 
back down as observed in the 22.5- and 25-MW data, and produce the ten
dency to level out in the higher-power data. Then there must be t e rms in 
the 5-sec range to turn the feedback back up again. Finally, some further 
delayed effects must be present to prevent the r ise from being too great 
and to eventually produce the steady-state power coefficient. It would be 
unwise to consider that we have made an accurate determination of each 
individual component of the feedback function. However, we believe that 
the function as a whole is rather well established by these experiments . 

Figure 24 contains two feedback-function models for 22.5 MW. 
Model A is the one adjusted to best fit the rod-drop data. Model B is a 
compromise chosen to give a fairly good fit to both rod-drop and oscillator 
data. This compromise is discussed further in Section V.C. 

C Feedback Function by Compromise between Oscillator and Rod-drop 
Results 

There is fairly good agreement between the rod-drop and oscillator 
results on the prompt terms in the feedback function for all three power 
levels, 22.5, 30, and 41.4 MW. At 30 and 41.4 MW, there is no important 
disagreement on any part of the feedback function, because at these power 
levels the oscillator tests do not extend to low enough frequencies to give 
information on the delayed components. Only with the 22.5-MW data is 
there some conflict, and this is only in the delayed components. The pur
pose of this section is to examine this 22.5-MW conflict to see if one can 
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a r r i v e a t p o s s i b l e c o r r e c t i o n s to the o s c i l l a t o r da ta which p e r m i t a t l e a s t 
a r e a s o n a b l e c o m p r o m i s e f eedback funct ion, giving a p p r o x i m a t e a g r e e m e n t 
wi th both o s c i l l a t o r and r o d - d r o p r e s u l t s . 

The d i s a g r e e m e n t is b e s t i l l u s t r a t e d in F i g . 32, w h e r e we have 
p lo t ted the o s c i l l a t o r da ta and the feedback funct ion, which g ive s a good fit 
to the r o d - d r o p e x p e r i m e n t s . The r o d - d r o p feedback function follows the 
da ta to abou t O.I Hz , and then c u r l s in t o w a r d the r e a l a x i s n e a r 0.2 x 1 0 " ' 
a t low f r e q u e n c y . The o s c i l l a t o r d a t a , on the o the r hand, cont inue roughly 
on a c i r c l e a p p r o a c h i n g z e r o a long the i m a g i n a r y ax i s at low f r equency . We 
have fit the r o d - d r o p da ta in a n u m b e r of d i f fe ren t w a y s , a l l of which have 
the s a m e g e n e r a l b e h a v i o r , and we a r e convinced that it is not p o s s i b l e to 
find a fit tha t wi l l g ive s ign i f i can t ly b e t t e r a g r e e m e n t on the Nyquis t p lot . 

We have a l s o been unab le to i m a g i n e s o u r c e s of e r r o r in the r o d -
d r o p da ta tha t could c a u s e th i s d i s c r e p a n c y . B e c a u s e the o s c i l l a t o r rod is 
known to r u b a t low f r equency and not a t high f r equency , it is i m m e d i a t e l y 
u n d e r s u s p i c i o n a s a p o s s i b l e c a u s e . We have t h e r e f o r e se t up a m o d e l 
for the r e a c t i v i t y w o r t h of the o s c i l l a t o r rod a s a function of f r equency , and 
show h e r e tha t m u c h of the d i s c r e p a n c y can be r e m o v e d by mak ing a c o r 
r e c t i o n b a s e d on th is m o d e l . 

The m o d e l a s s u m e s tha t a t e m p e r a t u r e g r a d i e n t a c r o s s the o s c i l l a t o r 
rod is p r o d u c e d by unequa l h e a t - t r a n s f e r r a t e s into the o s c i l l a t o r - r o d 
a s s e m b l y f r o m the s u r r o u n d i n g fuel s u b a s s e m b l i e s . C a l l the t i m e c o n s t a n t 
a s s o c i a t e d wi th th i s h e a t t r a n s f e r T^ (bowing t i m e c o n s t a n t ) . If the o s c i l 
l a t o r rod r o t a t e s a t a f r equency that is s m a l l c o m p a r e d to I / T b . then it i s 
e x p e c t e d to con t inua l ly bow in one d i r e c t i o n by about the amoun t it would 
bow u n d e r s t a t i o n a r y c o n d i t i o n s . If it r o t a t e s r a p i d l y , then the t e m p e r a t u r e 
g r a d i e n t canno t deve lop and the o s c i l l a t o r rod does not bow. We a s s u m e 
tha t the bowing c h a n g e s the a m p l i t u d e of the r e a c t i v i t y o s c i l l a t i o n and that 
th is a m p l i t u d e can be e x p r e s s e d a s a funct ion of f r equency and power by 
the a p p r o x i m a t i o n 

A(cD,P) 1 . * ( P ' 
1 + itDTu 

(11) 

w h e r e A is the unbowed a m p l i t u d e , and 6(P) is the z e r o - f r e q u e n c y d e 
v ia t ion e x p r e s s e d a s a funct ion of r e a c t o r p o w e r . T h u s , A(<», P) = A at 
h igh f r e q u e n c y , and A ( 0 , P) = A[1-I-6(P)] a t low f r equency . 

If th i s f r e q u e n c y - d e p e n d e n t a m p l i t u d e e x i s t s and is i g n o r e d , then 
the c a l c u l a t e d feedback function wi l l be in e r r o r by the a m o u n t 

6(P)/Go(aj) 

1 + itDTĵ  

w h e r e Go(iii) i s the z e r o - p o w e r r e a c t o r t r a n s f e r funct ion. 
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Fig. 32. Nyquist Plot of Oscillator Feedback Function for Run 26B at 22.5 MWt, Corrected for Oscillator-rod Bowing 
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We do not understand the heat - t ransfer and bowing effect in the 
oscil lator assembly well enough to attempt a calculation of 6(P) and T ,̂ 
from the system design. We have to be content with simply trying values 
of these paramete rs to see if there are any reasonable values which would 
provide a correction to the oscillator feedback that would improve the 
agreement. This has been done. While we have not carefully optimized 
6(P) and T^ to maximum agreement , we find that one cannot do very much 
better than to take 

and 

6(22.5 MW) = 0.05, 

5 sec . 

In Fig. 32, we have plotted the corrected feedback data. As desired, 
the low-frequency points a re moved back away from the imaginary axis. 
The solid curve indicated as Model B is our best compromise fit between 
this corrected data and the rod-drop data. The feedback versus time for 
this model in the rod drop is plotted as Model B in Fig. 24. Figure 32 also 
shows the Nyquist plot for Model A, the model that best fits the rod-drop 
data. 

Model B gives a fairly good fit to both sets of data. There are the 
two points at 0.02 Hz which deviate significantly from the models. The 
compromise model does not extend to quite large enough positive and 
negative values. But except for the 0.02-Hz points, the agreement is prob
ably within experimental accuracy. In the rfime domain, the compromise 
model does not contain the sag seen in the data in the 3- to 5-8ec range 
with a later r ise after 5 sec. This is considered a significant disagree
ment as it seems to occur in nearly all rod-drop tes ts . When a model 
contains the sag in the time domain, it also prevents the Nyquist plot from 
achieving sufficiently large positive imaginary values as in Model A of 
Fig. 32. 

Thus, although the compromise model does fit the corrected data 
fairly well, it is subject to some deficiencies and leaves the impression 
that some e r r o r s a re still not accounted for in either or both the rod-drop 
and oscil lator resul t s . The oscillator bowing is possibly more complicated 
than the simple model assumed here . 

D. Fur ther Discussion and Summary 

It is difficult to say which of the three approaches presented above 
leads to the best est imate of the feedback function. The oscillator tests 
give a set of data that are fairly consistent with each other, but only the 
22.5-MW data extend to low frequency and give information on delayed 
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components. The known bowing of the oscillator rod leaves one doubtful 
that the low-frequency data can be trusted. 

The rod-drop data, after an assumed correction in rod worth is 
made, result in a set of feedback functions that appear consistent with one 
another in view of our physical model of bowing effects. The prompt com
ponents scale with power level, while the delayed (mainly bowing) effects 
tend to saturate and disappear as the core gets tighter at high power. It 
also seems significant that the two sets of data, namely, the 25- , 35- , and 
45-MW data on the one hand, and the 22.5-, 30-, and 41.4-MW data taken 
at a later date, are consistent with one another. The only weak points and 
questions are associated with the fairly arbi t rary correction for change 
in rod worth and the fact that the data extend only to 10 sec, which makes 
it impossible to see feedback components with long time constants. 

The compromise approach has the advantage of giving some weight 
to all the available data. But the resulting feedback function still has some 
features that seem to be effectively contradicted by the rod-drop experiments . 

Our opinion is that if one is forced to choose, the balance swings in 
favor of the models predicted mainly from the rod-drop experiments 
plotted in Figs. 24-31. 

These models contain basically five te rms (the fifth has disappeared 
at 41.4 and 45 MW). The first two are to be interpreted as mainly due to 
fuel and coolant expansion. The third and fifth are presumed to be mainly 
due to compression of the core caused by bowing of the outer core elements 
and stainless steel blanket. The fourth term is a negative reactivity coeffi
cient and could be partly due to the rod-bank effect. At the lower power 
levels, however, this effect is too strong to be explained entirely by rod-bank 
effects and must be partly also a bowing effect. Under some conditions of 
partial restraint , there can be bowing effects which tend to expand the core . 

The interpretation of the first two te rms as fuel and coolant expan
sion and the third term as bowing in Row 7 is strengthened by the heat-
transfer analysis of Appendix A, which shows that the time constants a re 
of the right magnitude. The time constants for bowing in Row 8 range from 
5 to 10 sec with transport lags of 0 to 7 sec. We cannot say that this cor
responds closely to our fifth te rm, which was chosen to have a time con
stant of 10 sec and a time lag of 1 sec. However, the Row 8 bowing during 
the 10 sec of the experiment can probably be approximated by a combination 
of our fifth term with part of the fourth term. 

We did not find a heat- transfer process that would be likely to yield 
a negative power coefficient of reactivity with a 5-sec time constant. Cal
culations of heat transfer to the control-rod drive shafts by Pers iani and 



47 

DeShong' seem to indicate no components with 5-sec time constants. But 
the heat - t ransfer process in the control rods is complicated and so should 
not be completely ruled out as a source of the 5-sec term. 

One might also compare the magnitudes of the feedback terms with 
the resul ts of theoretical studies.^"* The studies, however, have not 
generally included est imates of the bowing effects. It is then only possible 
to make comparisons with the two prompt terms due mainly to fuel and 
coolant expansion. The theoretical calculations for these effects give some
what smal ler amplitudes than the experimental resul ts . The difference may 
be due to prompt bowing and subassembly radial expansion. The theoretical 
calculations indicate a strong radial-expansion coefficient if the core is 
tight or none if it is loose. The real situation is undoubtedly intermediate, 
and taking this into account, one can say that there is then no disagreement 
between the experiment and the calculations. 

VI. RECOMMENDATIONS FOR FUTURE EXPERIMENTS 

We believe that the Run 26 experiments have proved that rod-drop 
experiments a re basically capable of yielding information to good accuracy 
on the t ransient feedback function. The only question on the results from 
the present experiments has been the fairly arbi t rary correction to the 
worth of the rod because of an assumed change in worth with power level. 
If one can devise a technique for accurate calibration of the rod at power, 
this question would be eliminated. 

The rod could be calibrated at pow^r with acceptable accuracy if 
only the rod could be moved out faster than the present 0.28-sec drop t ime. 
A suitable goal to aim for would be a drop time of 0.1 sec. Our feedback 
analysis suggests that with the present 0.28-sec drop time, about 20% of 
the feedback during the first second comes while the rod is moving. In a 
0.1-sec drop, this 20% could be reduced to 7%, which would be acceptable. 
One could make this small correction in the analysis with good confidence. 
The experimental procedure would be to drop the rod and record power 
and position. The reactivity versus time would be calculated by inverse 
kinetics. The feedback versus time would then be obtained by subtracting 
the reactivity at the time the rod is out (0.1 sec in this case) from the net 
reactivity curve. One would fit this with a feedback function and correc t 
the data for the feedback occurring while the rod was in motion. It would 
be unnecessary to do the low-power calibration presently required. 

The same technique could be used with the existing stainless steel 
rod. In fact, our procedure of adjusting the rod calibration to accommodate 
the predicted feedback function is nearly equivalent to the suggested pro
cedure . However, one would have a great deal more confidence if the 
necessary correct ion could be reduced by a factor of three. 
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There are a number of ways of obtaining a faster reactivity change. 
One is to use a standard control rod and move it through only 3 or 4 in. in
stead of the present 14-in. stroke. It would also be necessary to increase 
the driving pressure by a factor of about two and provide a new dashpot 
design. This would have the advantage that one could use a standard control 
rod and remove the stainless steel rod. 

If the design problems are too difficult to accomplish the above p ro 
cedure, one could consider alternatives. It might be easier to achieve the 
fast reactivity change with a lighter rod, perhaps a ' " B rod. This would 
have the disadvantage of requiring the displacement of a standard control 
rod and would depress the reactivity of the reactor . Also, if one were 
forced to use only negative reactivity t ransients , the rod would have to be 
moved into the core rather than being dropped out. There a r e , of course, 
other possibilities such as liquid or gaseous control elements . All seem 
to have some design difficulties, and we suspect that the first suggestion 
of a small fast movement of a standard control rod is the easiest to 
accomplish. 

It is even reasonable to consider the possibility of determining the 
feedback function completely by rod-drop tests and eliminating the osci l 
lator tests . Rod drops can be done more quickly and permit one to dispense 
with the oscillator rod and replace it with a fuel subassembly or a standard 
control rod. Inherently, one expects to obtain higher accuracy from oscil
lator tests. This is not true of the present oscil lator, and only time will 
tell whether we can obtain one that will do the job. We recommend that 
efforts be continued to develop a good oscillator rod. 

We also recommend that consideration be given to developing an 
autorod system for EBR-II, i .e. , a rod and control system that can be pro
grammed to maintain constant power level. Such a system would be useful 
in rod-drop tests to obtain the long-time-constant components of the feed
back function. The problem with rod drops is that if one wished to follow 
a test for more than perhaps 30 sec, the power changes by a large amount 
from its original value. Since the magnitudes of the delayed components 
of the feedback function depend upon power, the problem of interpreting 
the experimental results is greatly aggravated by these large changes. It 
is difficult, if not impossible, to distinguish between feedback coming from 
long-time-constant terms and feedback due to the power dependence of the 
more prompt t e rms . With an autorod, the power could be permitted to 
drop 10% and then be held consta'nt, thus defining the feedback function at 
a particular power level rather than averaged over a wide range. There 
must be a technique for accurate calibration of the autorod if it is to be 
useful. 

• 
Another problem with long-time rod drops (or very-low-frequency 

oscillator tests) is that the primary-tank temperature eventually begins to 
change. Automatic control of the secondary system would be desirable so 
as to maintain constant temperature in the pr imary tank. 
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APPENDIX A 

Heat- t ransfer Calculations 

The feedback analysis indicates that the feedback during the first 
10 sec can be broken down into about five components: two prompt-
negative-coefficient t e rms with time constants in the 0.2- to 0.4-sec 
range, two delayed-positive-coefficient te rms with 2- and 10-sec time 
constants, and a 5-sec negative-coefficient te rm. These were obtained 
from analysis of the experimental data with little regard to whether the 
terms had any physical significance. We regard this work mainly as a de
termination of the power coefficient and not an explanation of its origin. 

However, we have also done a few heat- transfer calculations to see 
if the time constants obtained experimentally might correspond to particu
lar heat- t ransfer p rocesses . We have been gratified to find that of our five 
t e rms , three have about the right time constant to correspond to the physical 
process envisioned. The 0.2- and 0.4-sec terms are due mainly to fuel and 
coolant expansion, and the 2-sec te rm is due to bowing in Row 7. 

The heat- t ransfer calculations have been done with the ARGUS code. 
We present the resul ts here without a description or discussion of the model, 
which was admittedly a crude one. The calculations were of the temperature 
response to a step input of power. The effective time constant is then the 
time to reach 63% of the equilibrium value. Figures 33, 34, and 35 give the 
temperatures versus time at three axial positions in Rows 1, 4, and 6. 
respectively. The temperatures are given for the coolant, fuel centerline, 
and fuel-cladding interface. Close examination indicates that the tempera
ture increases can all be well approximated! by an expression of the form 

AT(t) = ATf(l - e - t A ) , (12) 

with T chosen differently for each location but always in the range 0.15-
0.4 sec. One thus expects the prompt feedback due to fuel and coolant to 
involve a continuum of time constants over that range. One would hardly 
be able to distinguish between that continuum and our choice of one te rm 
at 0.2 sec and one at 0.4 sec in fitting the rod-drop data. 

To est imate the time constant for bowing of the subassembly cans 
in Rows 7 and 8, we have set up a calculation of heat transfer from Row 6 
into Row 7 and from Row 9 into Row 8. The appropriate time constants a re 
those for the inner can wall of Row 7 and the outer can wall of Row 8. The 
resul ts for Row 7 are given in Fig. 36, and for Row 8 in Fig. 37. The tem
pera tures of the can versus time are given at five axial locations. The 
most important location for bowing effects is believed to be near the top of 
the core , because much below that location the AT is small , and much 
above that location the lever a r m for the bowing action is small . F rom 
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this point of view, our use of a 2-sec time constant and 0.2-sec delay time 
fits in fairly well as a suitable average for the Row 7 bowing. The 0.2-sec 
delay may be a trifle long, but that is of little consequence. 

The situation is not quite as good for Row 8. There the effective 
time constants appear to range from 5 to 10 sec with time delays of 0 to 
perhaps 7 sec. Our last positive coefficient presumably associated with 
Row 8 bowing had a time constant of 10 sec and a time delay of 1 sec . This 
should not, however, be regarded as a real disagreement , because the 10 sec 
of rod-drop data do not accurately determine the pa ramete r s of this last 
term. The continuum of time constants and time delays associated with 
Row 8 may produce about the same feedback as that contributed by our fifth 
feedback te rm combined with part of the fourth te rm. 

We have not found a heat- transfer process that seems likely to ex
plain the negative power coefficient of reactivity associated with our fourth 
te rm, which has a time constant of 5 sec. We could speculate that this te rm 
is mainly due to the rod-bank effect, except that it seems to saturate and 
disappear at 45 MW; in addition, the analysis of heat transfer to the control-
rod drive shafts by Pers iani and DeShong does not suggest a time constant 
near 5 sec. In some parts of the reflector or blanket, bowing may give r ise 
to negative-power-coefficient effects having a time constant near 5 sec . 
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APPENDIX B 

Delayed-neutron Constants 

The following effective delayed-neutron fractions and decay con
stants have been used in the inverse kinetics and transfer-function 
calculations. 

Group Pj Tj (sec) 

1 0.000258 0.0127 

2 0.001514 0.0317 

3 0.001375 0.115 

4 0.003008 0.311 

5 0.001047 1.40 

6 0.000242 3.78 
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